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Abstract: Death receptors were initially recognised as potent inducers of apoptotic cell 
death and soon ambitious attempts were made to exploit selective ignition of controlled 
cellular suicide as therapeutic strategy in malignant diseases. However, the complexity of 
death receptor signalling has increased substantially during recent years. Beyond activation  
of the apoptotic cascade, involvement in a variety of cellular processes including 
inflammation, proliferation and immune response was recognised. Mechanistically, these 
findings raised the question how multipurpose receptors can ensure selective activation of a 
particular pathway. A growing body of evidence points to an elegant spatiotemporal 
regulation of composition and assembly of the receptor-associated signalling complex. 
Upon ligand binding, receptor recruitment in specialized membrane compartments, 
formation of receptor-ligand clusters and internalisation processes constitute key regulatory 
elements. In this review, we will summarise the current concepts of death receptor 
trafficking and its implications on receptor-associated signalling events. 








Molecules of the tumor necrosis factor (TNF) superfamily (TNFSF) and TNF-receptor superfamily 
(TNFRSF) are highly conserved and found in almost all mammalian cells. Evolutionarily, these 
proteins evolved with or soon after the divergence of bony fish and tetrapods, approximately  
350–450 million years ago [1]. Receptor-ligand systems of this group are critically involved in various 
cellular signalling pathways such as inflammation, lymphocyte homeostasis, apoptosis and tissue  
development [2,3]. At the time of discovery, a subgroup of the TNFRSF, the so-called death receptors (DR), 
attracted considerable interest as robust cell-death induction upon ligand binding was recognised and 
triggered the ambitious goal for exploitation in therapeutic settings such as cancer therapy. However, 
especially during recent years it has become obvious that DR signalling is far more than cell death 
induction. Depending on individual (patho-) physiological circumstances, cell-type and involved 
receptor-ligand system, cellular responses range from activation of pro-inflammatory and potentially 
pro-tumoural pathways such as nuclear factor κB (NFκB), to caspase-dependent and -independent 
mechanisms of cell death induction. Concomitant with the awareness that DR signalling can be 
considered as a double-edged sword, the question how these multipurpose receptors ensure selective 
activation of a particular pathway raised. A number of elegant studies suggested a spatiotemporal 
regulation of signalling complex assembly and composition, with DR internalisation as a crucial event 
in this regulatory process. To date, this concept proved true for Tumor Necrosis Factor Receptor-1 
(TNFR1), TNF-related apoptosis-inducing ligand receptor 1 (TRAIL-R1), TRAIL-R2, Fas and presumably 
also for death receptor 3 (DR3). 
In this review, we will first briefly recapitulate general aspects and structural characteristics of DR 
signalling, before addressing pathways of specific receptor-ligand systems and their implications in 
(patho-) physiology in detail. Based thereon, we will discuss implications of membrane trafficking, 
especially receptor internalisation, on DR-associated signalling pathways. 
2. Death Receptors: General Aspects and Essential Structural Characteristics 
Structurally, TNFSF members are type-II transmembrane proteins, with a C-terminal TNF 
homology domain (THD). The latter is composed of 10 β-strands, folded to form a compact jellyroll-like 
topology [4]. The THD is weakly conserved (20%–30%) between TNFSF proteins. Most of the ligands 
are membrane-bound, but approximately half of them have proteolytic cleavage sites that allow 
conversion into a soluble form [5]. Interestingly, the membrane-bound and soluble forms may display 
strikingly different biological activities. Monomeric ligands are signalling-incompetent but gain 
biologic activity after homotrimer formation [2]. 
The cognate receptors are predominantly type-I transmembrane proteins, with only a few  
classified as type-III transmembrane proteins [2]. Comparable to TNF-ligands, TNF-receptors can also  
be converted into soluble molecules, either by shedding from the cell surface (often mediated by  
matrix-metalloproteases) or alternative mRNA splicing. In their extracellular part, molecules of the 
TNFRSF characteristically exhibit variable numbers of cysteine-rich domains (CRDs), which are 
critically involved in ligand binding. Presence of a protein-protein interaction platform in the 
intracellular domain, the so-called death domain, defines the “death receptor” (DR) subgroup of the 
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TNFRSF [2]. Currently, the DR subgroup consists of TNFR1, Fas, DR3, TRAIL-R1, TRAIL-R2, 
death receptor 6 (DR6) and ectodysplasin A receptor (EDAR). The latter however is not considered  
as a “classical” DR as it is fails to induce caspase-dependent apoptosis and contains an atypical  
death domain (DD). 
Structurally, the DD is a up-and-down antiparallel β-sheet fold with “Greek key” topology [6] that 
mediates homotypic interactions. Of note, DDs are not restricted to the intracellular part of DRs, but 
can also be found in proteins that are recruited to DRs. Additionally, topologically similar motifs, such 
as the death effector domain (DED), the caspase activation and recruitment domain (CARD) and  
the pyrin domain can be found in addition to or instead of a DD in proteins involved in DR  
signalling. Despite structural similarity, their surface charge is distinct and thereby confers specificity  
of association [7]. 
3. Death Receptor Signalling: A Double-Edged Sword 
Among the TNFRSF, the signalling outcome may fundamentally differ between DR and non-DRs 
and is furthermore complicated by cross-talk with other, partly overlapping signalling pathways and 
membrane trafficking events that regulate or modulate assembly and/or association of the receptor 
signalling complex (RSC). Despite the suggestive designation “death receptor”, DR signalling is far 
more than cell death induction and also comprises non-apoptotic signalling pathways. 
Binding of a trimeric ligand to the corresponding trimeric receptor triggers recruitment of 
intracellular adapter proteins [8]. The tri-fold design of receptor and ligand yields more contact sites 
and presumably achieves higher avidity [5]. For DRs, integrity of the intracellular death domain is 
essential for engaging downstream signalling components and initiation of both, apoptotic and  
non-apoptotic pathways. In a first step, DRs recruit (via homotypic DD interaction) a DD-containing 
adaptor molecule that can either be FADD (Fas-associated death domain) or TRADD (TNF-receptor 
associated death domain). In an early, simplistic model, the distinct recruitment of TRADD or FADD 
was considered of critical importance, as it was believed to set the course for DR signalling outcome. 
According to this concept, FADD-recruitment was assumed to be exclusively associated with apoptosis 
induction, while TRADD-recruitment enabled apoptotic and non-apoptotic signalling pathways. 
However, this postulation fell short as subsequent studies demonstrated engagement of non-apoptotic 
signalling pathways for “FADD-only” recruiting receptors such as Fas or TRAIL [9,10]. 
Both adaptor proteins in turn recruit distinct signalling complexes: TRADD recruits RIP1  
(receptor-interacting serine/threonine-protein kinase 1) via the DD. Subsequently, RIP1 recruits 
TRAF2 (TNF-receptor associated factor 2), cIAP1 (cellular inhibitor of apoptosis protein 1) and 
cIAP2, triggering a downstream phosphorylation cascade finally culminating in activation of the 
inflammatory and survival pathways NFκB, JNK and p38 [11,12]. However, activation of non-apoptotic 
pathways is not exclusively triggered by TRADD-RIP1-TRAF2 complexes, as FADD-RIP1 and 
caspase-8 containing complexes are also capable to activate the NFκB pathway [9]. 
Non-apoptotic, TRADD-mediated DR-signalling is regulated by ubiquitination at various steps and 
is also a good example to demonstrate the impact of the specific type of the ubiquitin modification. 
Generally, monoubiquitination of proteins is believed to target them for endocytosis, whereas addition 
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of K11- or K48-linked polyubiquitin chains is associated with proteasomal degradation. In contrast, 
K63-linked or linear polyubiquitin chains have roles in signal transduction and DNA repair [6]. 
Efficient activation of NFκB, JNK and p38 requires assembly of K63-linked polyubiquitin chains 
on RIP1, serving as docking sites for TAK1 (transforming growth factor-β activated kinase-1), TAB2 
(TAK1 binding protein 2) and the regulatory subunit of the IκB kinase complex NEMO  
(NFκB essential modulator) [6]. The RIP1-associated proteins TRAF2 and cIAP1/2 both exhibit  
E3-ligase activity, and the individual contribution to the K63-linked polyubiquitination of RIP1 is still 
a matter of debate. Beside activating characteristics, shutdown of TRADD-mediated pro-inflammatory 
signalling also involves the ubiquitin system. Removal of K63-associated ubiquitin chains from RIP1 
and replacement by K48-linked ubiquitin chains via the ubiquitin-editing enzyme A20 earmarks RIP1 
for proteasomal degradation and thereby terminates NFκB signalling [13]. Ubiquitin-ligase activity of 
A20 itself is modulated by TAXBP1 (TAX binding protein 1) [14] and the ubiquitin ligase Itch [15]. 
Further complexity comes from additional RIP1 deubiquitination enzymes such as the A20-like protein 
Cezanne (cellular zinc finger anti-NFκB) [16] and CYLD [17]. For an in depth review of 
ubiquitination as regulatory mechanism of DR signalling, the reader is refered to [6]. 
In contrast to TRADD, the alternative adapter protein FADD possesses beside the DD an additional 
DED, a structurally similar protein-protein interaction motif. The DD of FADD allows direct 
recruitment to the DD of DRs, but also association with TRADD and therefore recruitment to initially 
TRADD binding receptors. In addition, the DED mediates interaction with caspase-8 and caspase-10 
by homotypic interaction with the DED in the prodomain of these molecules [18]. 
In context of caspase-dependent cell death induction, signalling pathways emanating from TRADD 
or FADD binding DRs run together at the point of FADD oligomerisation that triggers caspase-8 and 
caspase-10 activation through an induced proximity change of conformation. The complex of a DR 
with FADD and caspase-8 or caspase-10 constitutes the death-inducing signalling complex (DISC). 
FADD and caspase-8 or caspase-10 can either be directly associated with DRs (FADD binding DRs), 
or through DD-mediated recruitment of the complex to TRADD or RIP1. Therefore, complexes 
containing FADD and caspase-8 or caspase-10, regardless whether directly assembled at the DD of 
DRs or recruited via TRADD or RIP1, can all be considered as DISCs. 
Understandably, caspase activation is a tightly regulated process to avoid undesired cellular damage. 
At the DR level, DISC-mediated caspase activation is regulated by the long isoform of the cellular 
FLICE-like inhibitory protein (cFLIP-Long or cFLIPL). This molecule exhibits considerable sequence 
homology with caspase-8 and caspase-10, but lacks a crucial cysteine residue in the catalytic center 
and is enzymatically inactive. cFLIPL prevents caspase-8 and caspase-10 activation by DED-mediated 
binding to FADD, thereby occupying the binding sites for caspases [19]. 
Ignition of the apoptotic cascade through caspase activation can be subdivided in an initiator phase, 
characterized by unlocking the initiator (or apical) caspase-8 and caspase-10. The execution phase of  
the apoptotic programme starts with proteolytic cleavage of the corresponding effector caspases  
(caspase-3, caspase-6, and caspase-7), which in turn again cleave essential cellular substrates and 
thereby execute the apoptotic cell death programme [18]. 
Mechanistically, the mode of transition from initiator to execution phase allows identification of 
two distinct cell types. In so-called type-I cells, activation of initiator caspases is sufficient for robust 
triggering of the death machinery and yields sufficient amounts of active effector caspases. In sharp 
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contrast, activation of initiator caspases is insufficient in type-II cells. Insights in the biochemical basis 
came from recent studies, tracing back failure of robust caspase activation in type-II cells to low cell 
surface DR expression [20], low caspase expression levels and/or presence of caspase inhibitory 
molecules such as XIAP [21,22]. 
Therefore, these cells require a mitochondrial amplification loop to efficiently activate effector 
caspases. In this scenario, caspase-8-mediated cleavage of the BH3-only protein Bid (BH3-interacting 
domain death agonist) generates truncated Bid (tBid), which translocates to the outer mitochondrial 
membrane (OMM) and allosterically activates Bak (Bcl-2 homologous antagonist/killer). Subsequent 
oligomerisation of Bak and Bax (Bcl-2 associated X-protein) forms pores in the OMM and allows 
escape of pro-apoptotic proteins such as cytochrome c, SMAC/DIABLO (second mitochondria-derived 
activator of caspase/direct IAP binding protein with low pI) and HtrA2/Omi into the  
cytoplasm [18,23–25]. Upon release, cytochrome c binds together with ATP to Apaf-1  
(apoptosis promoting factor-1), forming the apoptosome which mediates caspase-9 activation [26]. 
Caspase-9 like caspase-8 is an initiator caspase, which in turn processes and activates caspase-3. 
Therefore, apoptotic pathways in type-I and type-II cells converge at the level of effector caspase 
activation. Figure 1 summarises apoptosis induction in type-I and type-II cells. 
Figure 1. Apoptosis induction in type-I and type-II cells. See text for details. 
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4. Structure, Physiology and Pathophysiology of TNFR1, TRAIL-R1/2, Fas and DR3 
In this section, we address the specific characteristics of individual receptor-ligand systems of the 
DR group. Although membrane trafficking events have been recognised as key regulatory processes in 
DR signalling, not all members of the DR subgroup have been thoroughly characterised in this respect. 
In fact, data on the implications of membrane trafficking on death receptor signalling exist for TNFR1, 
TRAIL-R1, TRAIL-R2, Fas and partly for DR3. Therefore, we will focus on these members of the 
TNFRSF and leave other DRs such as EDAR and DR6 aside. 
4.1. The TNF/TNFR1 System 
4.1.1. Structure, Physiological and Pathophysiological Roles of the TNF/TNFR1 System 
4.1.1.1. Structure 
The TNF gene is located on chromosome 6p21.3. TNF is primarily produced as homotrimeric type-II 
transmembrane protein [27,28], but can be released via proteolytic cleavage by the metalloprotease 
TNF-alpha converting enzyme (TACE) [29]. Trimeric TNF appears at a molecular weight of 51 kDa, 
the 17 kDa protomers are composed of antiparallel β-strands folded into a compact, jellyroll-like 
topology and often referred to as the TNF homology domain (THD). 
The gene for TNFR1 is located on chromosome 12p13.31, encoding a protein of 425 aa [30].  
On SDS-PAGE, TNFR1 appears at a molecular weight of 55 kDa. The extracellular domain of TNFR1 
has four cysteine-rich domains (CRDs). Ligand-binding occurs primarily between CDR2 and CRD3, 
whereas CRD1 has a role for TNFR1 multimerisation [31]. In the intracellular part of TNFR1, directly 
underneath the plasma membrane, the TNFR1 internalisation domain (TRID) is located with a 
tyrosine-based (YQRW) motif for clathrin-mediated internalisation [32]. Beside the death domain, the 
intracellular part of TNFR1 also harbours an interaction motif (aa 309–319) for the adaptor protein 
FAN (factor associated with neutral sphingomyelinase activation), which in turn binds and activates 
membrane-bound neutral sphingomyelinase (NSMase) [33]. 
4.1.1.2. Physiological and Pathophysiological Roles of the TNF/TNFR1 System 
A profound coverage of the pleiotropic TNF/TNFR1 system in health and disease would require a 
book rather than a review and is therefore beyond the scope. In brief, a role for TNF has been 
suggested in autoimmune diseases, such as psoriasis, inflammatory bowel disease, arthritis, systemic 
sclerosis, diabetes mellitus and multiple sclerosis [34]. In many of these pathologies, blockade of  
TNF signalling provided substantial benefit for the patients and significantly ameliorated clinical  
symptoms [35]. In cancer cells, TNF signalling is a mixed blessing as TNFR1 can trigger apoptotic 
cell death of tumour cells, but under most circumstances the signalling originating from TNFR1 is  
pro-inflammatory. This in turn is potentially tumourigenic, and TNF can indeed promote tumour 
growth, proliferation of tumour cells, as well as angiogenesis [36], invasiveness and metastasis [34].  
In fact, TNF- and TNFR1-deficient mice developed fewer tumours after exposure to a skin  
carcinogen [37,38]. Additionally, TNFR1-deficiency attenuated experimental lung and liver metastasis 
in a mouse model [39,40] and treatment of tumour cells or mice with TNF increased the metastatic 
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activity of transplanted malignant cells [41,42]. As wild-type mice whose bone marrow was 
repopulated with cells from TNFR1-deficient mice exhibited a reduced development of colitis and 
colon cancer [43], the tumour promoting properties of TNF were at least partly attributed to its action 
on TNFR1-positive myeloid cells resulting in cancer-related inflammation. Indeed, the TNF-driven 
inflammatory response in the tumour microenvironement (mainly mediated via the NFκB pathway) is 
associated with proliferation and survival of malignant cells and [44,45]. 
In addition to the involvement of TNF/TNF1 in autoimmune disease and malignancy, mouse models 
highlighted the role of this receptor ligand-system in the immune system. In particular, TNF or TNFR1 
deficiency rendered these mice highly susceptible to the intracellular pathogen Listeria monocytogenes [46] 
or diminished clearance of Mycobacterium tuberculosis [47]. 
4.1.2. Pathways of TNFR1 Signalling 
During recent years, information on TNFR1 signalling virtually exploded and painted a complicated 
picture of signalling events associated with TNFR1. Especially, new regulatory mechanisms such as 
ubiquitination of signalling components attracted considerable attention [6,48]. 
Although TNFR1 can trigger the apoptotic cascade, under physiological conditions TNFR1 
primarily exerts pro-inflammatory effects. Within minutes after ligand binding, RIP1, TRAF2  
(TNF receptor-associated factor 2) and cIAP1/2 (inhibitor of apoptosis protein 1/2) are recruited to the 
receptor and form a complex often referred to as complex I [49,50]. The presence of TRADD in this 
conglomerate is controversially discussed [32,49]. Assembly of complex I requires translocation of 
TNFR1 in lipid rafts, where several proteins of this complex are post-translationally modified [51], 
e.g., K63 ubiquitination of RIP1 by the E3 ligases cIAP1 and cIAP2 at Lys377, an essential step for 
NFκB activation [52]. Ubiquitinated RIP1 mediates recruitment of TAK1 (transforming growth  
factor-beta-activated kinase 1) and IKK (Inhibitor of nuclear factor kappa-B kinase) to the TNFR1 
complex [53], finally activating the pro-inflammatory NFκB pathway. However, TRAF2-RIP1 
complexes are also capable of JNK (c-Jun N-terminal kinase) activation via MEKK1 (MAPK/ERK 
kinase kinase 1) and JNK kinase. JNK activation constitutes a prodeath stimulus, which is normally 
counteracted by NFκB-regulated expression of antiapoptotic proteins such as XIAP (X-linked inhibitor 
of apoptosis protein) [54]. However, sustained JNK activation results in phosphorylation and 
activation of the E3 ubiquitin ligase Itch. Itch-mediated ubiquitination of the antiapoptotic protein 
cFLIP promotes proteasomal degradation of the latter, thereby allows caspase-8 activation and shifts 
TNFR1 signalling from non-apoptotic to apoptosis-induction. After this initial complex formation at 
the plasma membrane, TNFR1 undergoes clathrin-mediated endocytosis [32], a decisive step for the 
outcome of TNFR1 signalling. Effects of TNFR1 internalisation are discussed in detail below. 
4.1.3. Membrane Trafficking and Implications on TNFR1 Signalling 
Receptor internalisation is a crucial event in TNFR1 signalling and significantly influences  
the cellular response of this multipurpose receptor. Upon ligand binding, TNFR1 undergoes  
clathrin-dependent internalisation in various cell types. The first hints for a regulatory role of TNFR1 
internalisation arose from studies with human endothelial cells, demonstrating a decrease of  
TNF-induced expression of NFκB target genes after blockade of receptor internalisation [55].  
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A subsequent study elegantly showed in U937 cells that TNFR1-associated activation of endo-lysosomal 
ASMase (acid sphingomyelinase), JNK and apoptosis induction were critically dependent on receptor 
internalisation and severely impaired after blocking clathrin-coated pit formation. Interestingly, 
activation of NSMase at the plasma membrane level was unaffected [56]. This indicated a role for 
TNFR1 compartimentalisation in selective signalling pathway activation: pro-apoptotic signalling 
emanated from intracellular vesicles and required receptor internalisation, whereas activation of  
non-apoptotic signalling pathways could start at the plasma membrane level and were shown to  
be internalisation-independent. 
Indeed, propagation of the death signal from TNFR1-containing vesicles has been resolved at the 
molecular level. TNFR1 internalisation was essential for assembly of the DISC [32,57]: upon TNF 
stimulation, recruitment of TRADD, FADD and caspase-8 was detectable in Rab4 (Ras-related protein 
Rab-4A) and Rab5-positive TNFR1-receptosomes already after 3 minutes. Caspase-8 recruitment to 
TNFR1-containing vesicles was critically dependent on ALG-2 (apoptosis-linked gene 2 protein) and 
Alix (ALG-2 interacting protein X) [58]. Blockade of TNFR1 internalisation by disruption or deletion 
of the TNFR1 tyrosine-based internalisation motif (aa 207–210, YQRW motif) abrogated TRADD, 
FADD and caspase-8 recruitment and protected cells from TNFR1-induced apoptosis. In line with this, 
blockade of TNFR1 internalisation by the E3-14.7K protein in adenovirus infected cells was protective 
against TNFR1-induced apoptosis [57]. In sharp contrast, in both scenarios recruitment of RIP1 and 
activation of the NFκB pathway was unaffected [32]. Moreover, triggering the caspase cascade is  
not the only pro-apoptotic signal emanating from intracellular TNFR1-containing vesicles.  
Therein, TNFR1-mediated caspase-8 activation triggers proteolytic cleavage and activation of  
receptosome-associated caspase-7, which in turn cleaves and activates ASMase [59]. ASMase-mediated 
ceramide production generates active cathepsin D, which cleaves Bid into tBid [60] and thereby 
engages the mitochondrial amplification loop of apoptosis. In addition, TNFR1 internalisation might 
also trigger an alternative mechanism of ASMase activation involving reactive oxygen species. 
Interestingly, TNFR1 interacts with riboflavin kinase (RFK) and is hereby coupled to the  
ROS-generating NADPH oxidase enzymes Nox-1, Nox-2 and the common subunit p22phox [61]. 
Similar to caspase-7-mediated ASMase activation, ROS-mediated activation culminates in involvement 
of the apoptotic mitochondrial amplification loop. 
Internalisation of TNFR1 does not only trigger pro-apoptotic signals, but also terminates NFκB 
activation that occurred at plasma membrane level. Two E3 ubiquitin ligases, CARP1 (cell division 
cycle and apoptosis regulator protein 1) and CARP2 colocalize with TNFR1 in the endosomal 
compartment and mediate RIP1 ubiquitination, targeting the molecule for proteasomal degradation [62]. 
Another membrane trafficking event involved in regulation of TNFR1 signalling preceeds receptor 
internalization. Upon ligand binding, TNFR1 translocation into membrane lipid rafts was identified as 
a prerequisite for association with TRADD, TRAF2 and RIP1. Additionally, ubiquitination of RIP1, a 
crucial event for TNFR1-mediated NFκB activation, was also reported to be dependent on lipid raft 
association of TNFR1 [51]. Consequently, interference with lipid raft organization blocked  
pro-inflammatory TNFR1 signalling and shifted the outcome towards apoptosis induction. 
Taken together, TNFR1 internalisation actively shuts down pro-inflammatory and pro-survival 
NFκB signalling emanating from the plasma membrane, allows DISC assembly with subsequent 
caspase activation and furthermore activates ASMase potentially via a caspase-dependent and a 
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caspase-independent mechanism. Therefore, trafficking of TNFR1 from the plasma membrane into 
TNFR1-receptosomes determines the signalling outcome of this pleiotropic receptor and is decisive for 
apoptotic or non-apoptotic TNFR1 signalling. A schematic overview of TNFR1 signalling is given  
in Figure 2. 
Figure 2. TNFR1-mediated signalling pathways. See text for details. 
 
4.2. The TRAIL/TRAIL-Receptor System 
4.2.1. Structure, Physiological and Pathophysiological Roles of the TRAIL/TRAIL-Receptor System 
4.2.1.1. Structure 
The TNF-related apoptosis-inducing ligand (TRAIL) was discovered in 1995 by searching expressed 
sequence tag databases with a sequence from a conserved region of TNF family members [63]. The 
gene for TRAIL is located on chromosome 3q26, spans approximately 20 kb and contains five exons. 
Soon after discovery, it was recognised that the membrane-bound and an engineered soluble form 
triggered cell death in a wide variety of transformed cells. 
TRAIL can bind to at least five different receptors: beside the two apoptosis-inducing receptors 
TRAIL-receptor-1 (TRAIL-R1, also DR4 or TNFRSF10A) and TRAIL-R2 (DR5 or TNFRSF10B), 
two additional so-called “decoy-receptors” TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) exist, both of 
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which are incapable of transmitting apoptotic signals. Lastly, TRAIL can bind to the soluble 
osteoprotegerin receptor [64]. TRAIL-R1 and TRAIL-R2 were identified in 1997 [65,66] and both 
were mapped to chromosome 8p21.3. The extracellular domain of these receptors contains two 
complete CRDs, which are important for ligand binding. A recent report suggested a co-regulatory role 
for the transmembrane domain of TRAIL-R1 and TRAIL-R2 for the apoptotic signalling capacity [67]. 
The intracellular part of TRAIL-R1 and TRAIL-R2 harbours a full length death domain. TRAIL-R4 
exhibits a truncated and non-functional DD in terms of apoptosis induction [64]. TRAIL-R3 is attached 
by a glycophosphatidylinositol anchor to the plasma membrane and has no intracellular domains at all. 
mRNA expression of all four TRAIL-receptors is found in virtually every tissue. Of note, this does not 
correlate with cell surface expression of the receptor(s), which is regarded as essential to fulfil 
physiological functions. 
4.2.1.2. Physiological and Pathophysiological Roles of the TRAIL/TRAIL-Receptor System 
Knockout mice for the TRAIL-orthologue MK or the only murine TRAIL-receptor mDR5 [68] do 
not show an overt phenotype [69,70]. Initially, TRAIL-induced cell death induction was believed to be 
restricted to malignant cells [63], but subsequent studies also reported apoptosis induction in  
non-transformed cells [71]. However, exploitation of TRAIL or TRAIL receptor agonists for cancer 
therapy, either as single agents or in combination with conventional chemotherapy, is still a field of 
intensive research and recombinant TRAIL as well as agonistic, TRAIL-receptor targeting antibodies 
entered phase I and II trials [72]. However, as already outlined for the TNF/TNFR1 system,  
TRAIL-signalling in apoptosis resistant tumour cells can result in promotion of tumour metastasis and 
upregulation of pro-inflammatory factors. In the apoptosis resistant pancreatic ductal adenocarcinoma 
cell line Colo357, TRAIL treatment enhanced expression of pro-inflammatory cytokines such as 
interleukin-8 and monocyte chemoattractant protein 1 (MCP1) and aggravated tumour cell invasion by 
upregulation of urokinase-type plasminogen activator expression in vitro and in a orthotopic metastatic 
mouse model in vivo [73]. Comparable findings were reported in primarily apoptosis resistant colon 
carcinoma cells (HCT116) harbouring an activating mutation in the PIK3CA gene, which yields a 
constitutive active form of the catalytic α-subunit of the PI3K (phosphatidylinositide 3-kinase). In this 
context, non-apoptotic caspase-8-mediated cleavage of ROCK1 (rho-associated, coiled coil containing 
protein kinase-1) caused a change in cellular morphology towards an amoeboid shape and was 
associated with increased invasiveness in vitro [74]. 
Recent studies also reported a role for TRAIL in immunity, e.g., in context of Streptococcus pneumoniae 
infection. In this context, soluble TRAIL induces apoptosis of alveolar macrophages, thereby limiting 
bacterial replication and restricting the inflammatory response [75]. In contrast to this beneficial role of 
TRAIL in a model of pulmonary infection, another group reported that TRAIL-promotes disease 
development in animal models of pulmonary arterial hypertension [76]. The role for TRAIL in host 
immunity has recently been reviewed [77]. 
4.2.2. Pathways of TRAIL-Receptor Signalling 
While TRAIL-R4 is restricted to non-apoptotic pathways, TRAIL-R1 and TRAIL-R2 can trigger 
both, apoptotic and non-apoptotic pathways. To date it is poorly understood why humans evolved two 
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fully functional, structurally very similar receptors for TRAIL. TRAIL-R1 and TRAIL-R2 are actually 
often co-expressed on the same cell. However, for apoptosis induction, TRAIL-R2 seems to be more 
important [78], whereas the individual contribution of each receptor to non-apoptotic signalling 
remains to be resolved. Of note, apoptotic signalling pathways originating from TRAIL-R1 and 
TRAIL-R2 can be modulated by TRAIL-R3 and TRAIL-R4, as both compete for the ligand and, in 
case of TRAIL-R4, can also activate counteracting pro-survival pathways [79,80]. TRAIL-mediated 
activation of pro-survival pathways such as NFκB, protein kinase B/Akt, and MAP kinases can also 
occur directly through TRAIL-R1 and TRAIL-R2 [81]. Activation of these pathways is distinct: NFκB 
activation via TRAIL-R1 (as well as TRAIL-R2 and TRAIL-R4) involves a TRAF2-NIK-IKK 
complex, while TRAIL-R1-mediated JNK activation requires a TRAF2-MEKK1-MKK4 complex [64]. 
This indicates that non-apoptotic signals bifurcate at the level of TRAF2. Interestingly, NFκB 
activation is insufficient to block TRAIL-induced apoptosis in all cell types [82,83]. 
Apoptosis induction via TRAIL-R1 and TRAIL-R2 requires death domain-dependent recruitment 
of FADD and caspase-8. In contrast to Fas and TNFR1, TRAIL-R1 and TRAIL-R2 exhibit already 
robust DISC-formation at the plasma membrane level and thereby triggers pro-apoptotic signalling. 
The impact of TRAIL-receptor internalisation on signalling is discussed below. 
4.2.3. Membrane Trafficking and Implications on TRAIL-Receptor Signalling 
In line with the observations in the TNF/TNFR1 system, internalisation of TRAIL-R1 and TRAIL-R2 
is critically involved in determination of signalling outcome. But in sharp contrast to the TNF/TNFR1 
system, the requirement of TRAIL-receptor internalisation for apoptosis-induction seems to be cell-type 
dependent. In type-I cells, stimulation with labelled ligands resulted in TRAIL-R1 and TRAIL-R2 
internalisation via clathrin-dependent and -independent mechanisms with concomitant recruitment of 
FADD and caspase-8 [84,85]. After 2 h, caspase-dependent cleavage of components of the endocytic 
machinery (clathrin heavy chain and the α-subunit of the adapter protein 2) was detectable, finally 
terminating TRAIL-receptor endocytosis. Interestingly, this blockade in receptor internalisation did not 
abrogate but amplify apoptosis induction [84], and consequently rendered TRAIL-receptor 
internalisation as a conditio sine qua non for cell death induction unlikely in this experimental system. 
On the other hand, hepatocellular carcinoma and cholangiocarcinoma cell lines (type-II cells) 
displayed TRAIL-R2 internalisation upon TRAIL binding and apoptosis induction with receptor 
trafficking to lysosomes and subsequent release of lysosomal proteases [86]. TRAIL-R2 internalisation 
was dependent on a di-leucine based internalisation motif. Interference with TRAIL-R2 internalisation 
disturbed trafficking to the lysosome abolished apoptotic cell death. These findings indicated a pivotal 
role for TRAIL-R2 internalisation in terms of apoptosis induction in that system. This study also 
confirmed the negative findings regarding TRAIL-R1 and TRAIL-R2 internalisation in type-I cells 
from the study cited above. 
In sum, TRAIL-receptor-mediated apoptosis induction is not dependent on receptor endocytosis 
under all circumstances. While receptor-associated DISC at the plasma membrane level is sufficient 
for robust apoptosis induction in type-I cells, TRAIL-mediated apoptosis induction in type-II cells may 
be strictly dependent on receptor internalisation. A schematic overview of TRAIL-receptor signalling 
is given in Figure 3. 
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Figure 3. TRAIL-R1 and TRAIL-R2—mediated signalling pathways. See text for details. 
 
4.3. The FasL/Fas System 
4.3.1. Structure, Physiological and Pathophysiological Roles of the FasL/Fas System 
4.3.1.1. Structure 
The gene for FasL is located on chromosome 1q23, consists of 4 exons and spans about 8 kb of 
DNA [87]. The extracellular portion of FasL consists of 179 aa and contains the TNF homology 
domain, the characteristic structural feature of the TNF ligand family. The intracellular FasL domain 
(80 aa) possesses an extended proline-rich region (aa 45–65), several tyrosine phosphorylation sites 
and a casein kinase phosphorylation motif, which have been implicated in FasL sorting and reverse 
signalling [88,89]. FasL exists in two functional forms, either membrane-bound or soluble. The soluble 
form can be generated by proteolytic cleavage of the membrane-bound form between K129 and Q130 [90] 
via metalloproteinase-3 and/or metalloproteinase-7 [91,92]. 
The receptor Fas (FS7-associated cell surface antigen) attracted considerable interest in the field of 
apoptosis research since its discovery in 1989, as treatment with Fas-specific monoclonal antibodies 
induced robust apoptosis in cell culture. The Fas gene is located on chromosome 10q24.1 [93], spans 
about 26 kb of DNA and contains nine exons. Fas is a 319 aa type-I transmembrane protein, with a 157 aa 
extracellular and a 145 aa intracellular domain. Alternative splicing yields at least seven variants of 
mRNA transcripts, encoding several soluble forms of the receptor with potentially negative regulatory 
effects in vivo [94]. The extracellular domain contains three CRDs. Functionally, all are required for 
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ligand binding, although direct contact with FasL is exclusively provided by CRD2 and CRD3 [95]. 
The extracellular pre-ligand assembly domain (PLAD) mediates homotypic Fas interactions and  
was recently mapped to aa 43–66 [96]. The C-terminal half of the intracellular domain comprises the  
death domain. 
4.3.1.2. Physiological and Pathophysiological Roles of the FasL/Fas System 
Mice with FasL dysfunction phenotypically present with generalized lymphoproliferative disease 
(gld). Dysfunction of Fas, either caused by retroviral insertion and subsequent premature termination 
of transcription or a point mutation in the Fas death domain, causes lymphoproliferation (lpr) in  
mice [97]. These animals are furthermore prone to autoimmune diseases displaying symptoms such as 
lymphadenopathy, production of autoantibodies, hypergammaglobulinemia and accumulation of 
CD4−CD8− T-cells [97]. 
In immunobiology, FasL and Fas are involved T-cell homeostasis [98] in immune privileged sites 
such as the eye, brain, testis, ovary, pregnant uterus and placenta [99], essentially by FasL-induced cell 
death of invading inflammatory cells. A recent study also reported that Fas-induced chemokine 
production promoted chemotaxis of phagocytes towards apoptotic cells [100], thereby influencing 
immune responsiveness towards dying cells. The versatile roles of Fas in the immune system are 
reviewed in [101]. Beyond immunology, FasL and Fas obey also functions in the cardiovascular 
system, in tissue differentiation and regeneration (e.g., in the neuro system and the liver), and play a 
dual role in cancer biology. On the one hand, pro-inflammatory Fas signalling pathways exert a  
pro-tumoural effect and surface expression of FasL on tumour cells mediates killing of tumour 
infiltrating lymphocytes, thereby establishing an immune-privileged tumour microenvironment. On the 
other hand, expression of FasL on T-cells and NK-cells induces cell death in Fas-bearing tumour cells. 
In context of malignant diseases, Fas-associated signalling was reported to enhance migration and 
invasion of tumour cells. Insights in underlying mechanisms came e.g., from a study using 
glioblastoma cells. In this model, recruitment of the Src family kinase Yes and the p85 subunit of PI3K 
to Fas was associated with increased expression/secretion of matrix-metalloproteases (MMPs) [102]. 
Beside MMP secretion, formation of actin-driven cell protrusions is considered as another crucial 
event in Fas-mediated invasion [103]. In colorectal cancer cells, Fas-ligation activated the cofilin 
pathway and initiated cortical actin remodelling with subsequent formation of membrane protrusions, 
finally resulting in enhanced invasiveness of the tumour cells [104]. Another recent study reported 
general dependency of tumour cells on constitutive Fas activation, stimulated by cancer-produced  
FasL [105]. Loss of Fas in mouse models of ovarian cancer and liver cancer reduced both, cancer 
incidence and tumour size. The tumourigenic activity was essentially attributed to a pathway involving 
JNK and Jun [105]. For an in-depth coverage on the role of FasL and Fas in health and disease the 
reader is referred to [106]. 
4.3.2. Pathways of Fas Signalling 
The soluble and the membrane-bound form of FasL bind to Fas, but only membrane-bound or 
artificially immobilised FasL cause robust receptor activation [107]. Mechanistically, a model of Fas 
activation distinguishing five stages has been proposed [108]. In a first step, ligand-binding induces 
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formation of stable Fas micoraggregates and thereby beginning assembly of the DISC. The next steps 
result in formation of higher molecular Fas structures, via association with lipid rafts and coalescence 
into large signalling platforms. Subsequently, Fas internalisation yields high level DISC formation  
in the endosomal compartment. Beside FasL and Fas, the DISC consists of FADD [109] and  
caspase-8 [110]. Dimerization of caspase-8 is the first step in activation of this protease, but it is 
readily converted in its mature heterotetrameric form by autoproteolytic maturation and is 
subsequently released from the DISC [111]. Active caspase-8 initiates the apoptotic cascade.  
Caspase-8 activation at the DISC level can be inhibited by the FLIP [94]. Blocking apoptosis induction 
reveals non-apoptotic signalling pathways emanating from Fas such as NFκB and the MAPKs ERK 
(extracellular signal regulated kinase) and JNK. Activation of the NFκB pathway utilises a RIP1, 
FADD and caspase-8 containing complex [9]. Fas-mediated MAPK activation can either rely on 
caspase-dependent or independent mechanisms. For instance, JNK activation can occur by cleavage 
and activation of components of the JNK pathway (e.g., the MAP3K MEKK1) [112] or in the absence 
of caspases by recruitment of death domain-associated protein 6 (DAXX) and the apoptosis signalling 
kinase-1 (ASK1). 
4.3.3. Membrane Trafficking and Implications on Fas Signalling 
Fas-associated apoptotic and non-apoptotic signalling pathways diverge at the plasma  
membrane level. Apoptotic signalling pathways are internalisation-dependent, whereas non-apoptotic  
Fas-signalling is independent of receptor internalisation. Fas internalisation occurs in an actin- and 
clathrin-dependent manner [113]. 
Using agonistic, Fas-specific antibodies, receptor internalisation is detected within the first 5–15 min. 
Fas internalisation after FasL binding has been reported to occur even faster [108,114]. In type-I cells, 
as early as 3 min after ligand binding, internalisation takes place and Fas-containing receptosomes can 
be isolated. Analysis of these vesicles revealed positivity for the endocytic markers Rab4, EEA1  
(early endosome antigen-1) and Cathepsin D [108,115]. Even at this early time point, low levels of 
FADD and active caspase-8 (p43/41 and p18 fragments) were detectable. Both proteins exhibited  
time-dependent accumulation, peaked approximately 30 min after ligand binding and were detectable 
even after 3 h stimulation. Therefore, although DISC formation is initiated at the plasma membrane, 
assembly of components and subsequent caspase-8 activation occurs predominantly in Fas-containing 
intracellular compartments. This concept is not absolutely exclusive, as in certain cell populations such 
as lymphoblasts and T-cells, low-level DISC assembly might precede Fas internalisation [114]. In line 
with internalisation-dependent DISC assembly, approaches targeting the Fas internalisation motif 
(YDTL, aa 291–294) or knockdown of AP-2, an essential adapter protein for clathrin-mediated 
endocytosis, significantly inhibited DISC recruitment and apoptosis. However, non-apoptotic 
signalling pathways such as the activation of the NFκB and ERK pathway remained intact [108]. 
Pathophysiologically, especially in Fas-resistant tumour cells, activation of these pro-inflammatory 
and potentially pro-tumoural signalling pathways may be of clinical relevance. Beside the  
tyrosine-based internalisation motif, a glycosphingolipid-binding motif located in the extracellular 
domain of Fas was reported to be essential for clathrin-dependent internalisation [116]. Destruction of 
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this motif abolished apoptotic Fas signalling, although receptor endocytosis occurred via an alternative 
route. Non-apoptotic signalling pathways remained again unaffected [116]. 
The prerequisite for Fas internalisation to trigger the apoptotic cell death machinery raises another 
interesting question: the physiologic stimulus for Fas is most likely the membrane-bound form of FasL 
rather than agonistic antibodies or artificially oligomerised derivatives of FasL. Does receptor 
internalisation also occur under these, more physiological circumstances? Indeed, Fas internalisation 
was observed in co-culture experiments with cells expressing a non-cleavable form of membrane-bound 
FasL. The degree of receptor internalisation was comparable to experiments using oligomerised 
soluble forms of FasL [108]. 
Interestingly, Fas internalisation is not the only mechanism involving membrane trafficking  
to ensure selective Fas signalling. Plasma-membrane distribution of this receptor is regulated by  
post-translational modifications. Several oxidative and non-oxidative modifications alter Fas association 
with lipid rafts, which is a prerequisite for robust apoptosis induction. For example, palmitoylation at 
the intracellular, membrane proximal residue Cys199 grants entry in lipid rafts [115,117]. Mutations of 
this critical cysteine residue highlight the physiological relevance of palmitoylation in Fas signalling, 
as formation of high-molecular Fas aggregates, Fas association with lipid rafts, FasL-induced Fas 
internalisation, DISC formation and apoptosis were all strongly diminished. Apart from palmitoylation, 
reversible oxidations such as S-glutathionylation at Cys304 [118] or S-nitrosylation of Cys199 or 
Cys304 [119] also led to redistribution of Fas into lipid rafts and sensitised cells to Fas-mediated 
killing. In contrast, extracellular N-glycosylation of Fas (Asn118 and Asn136) had no effect on  
DISC formation [120]. 
Membrane trafficking events are also important for FasL. Membrane-bound FasL has been shown 
to be released by exosome-like vesicles into the immunological synaptic cleft. FasL sorting to 
secretory lysosomes (by promoting entry into multivesicular bodies) is regulated by phosphorylation 
events in the proline-rich domain by Src family tyrosine kinases (Fgr, Fyn and Lyn kinases)  
mono-ubiquitination at lysines flanking the proline-rich domain in its cytoplasmic tail [121]. 
Taken together, Fas-associated, non-apoptotic signalling pathways occurs irrespective of receptor 
internalisation, whereas apoptosis induction critically depends on Fas recruitment in lipid rafts and 
efficient receptor internalisation. A schematic overview of Fas signalling is given in Figure 4. 
4.4. The TL1A/DR3 System 
4.4.1. Structure, Physiological and Pathophysiological Roles of the TL1A/DR3 System 
4.4.1.1. Structure 
TL1A was identified as ligand for DR3 in 2002 by searching expressed sequence tag databases and 
screening of an endothelial cDNA library [122]. The TL1A gene is located on chromosome 9p32 and 
consists of four coding exons. The 251 aa type-II transmembrane protein appears on SDS-PAGE at a 
molecular weight of 22 kDa. 
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Figure 4. Fas—mediated signalling pathways. See text for details. 
 
The receptor DR3 was discovered in the search of proteins with sequence similarity to the 
intracellular parts of TNFR1 and Fas by screening cDNA libraries or using two-hybrid systems [123–126]. 
Almost simultaneously, a number of research groups reported identification of DR3 (at that time also 
known as Apo-3, TNFRSF25, TRAMP, LARD or WSL-1). The DR3 gene is located on chromosome 
1p36.2, spanning about 5.04 kb of DNA and contains nine exons [125]. Alternative mRNA splicing 
yields at least 11 distinct DR3 isoforms, most of which are supposed to be secreted. The type-I 
transmembrane protein has a length of 417 aa with a 25 aa leader sequence and appears at a molecular 
weight of 47 kDa on SDS-PAGE. The crystal structure of DR3 has not been solved yet, but predictions 
based on structural modelling suggest an architecture similar to TNFR1. The extracellular domain 
comprises 175 aa and exhibits like TNFR1 four CRDs. Contact with the ligand TL1A is thought to 
occur between CRD2 and CRD3 [127]. The membrane-spanning helical domain consists of 21 aa. The 
intracellular domain of DR3 has a length of 197 aa and includes in the C-terminal half the DD.  
DR3 shares 23% of sequence similarity with Fas and 29% with TNFR1. This is in fact the highest 
degree of sequence similarity to TNFR1 among death receptors. Erroneously, an early report suggested 
interaction of DR3 with TWEAK (TNF-like weak inducer of apoptosis), another TNF-family ligand [128]. 
However, the conclusions were based on overexpression studies [129] and subsequent experiments 
could not confirm the initial findings. Additionally, identification of Fn14 (Fibroblast growth  
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factor-inducible immediate-early response protein 14), the corresponding receptor for TWEAK, further 
dismounted this concept [130]. 
4.4.1.2. Physiological and Pathophysiological Roles of the TL1A/DR3 System 
DR3 expression was first recognised on peripheral blood leukocytes [125] and lymphocyte-rich 
tissues such as thymus and spleen. Albeit to a lesser extent, DR3 localization in the small intestine, 
fetal lung and fetal kidney was observed and cellular DR3 expression was reported for NK-cells, 
endothelial cells, macrophages and tumour cells [131–134]. TL1A enhances, like other members of the 
TNF family, T-cell proliferation and cytokine production. Additionally, TL1A-DR3 interactions 
exhibit prominent effects on T-cell polarization, T-cell homeostasis and T-cell-mediated immune 
response against bacteria and viruses [135]. For further information the reader is referred to [136]. 
Consistent with the important role of TL1A and DR3 in T-cells, a variety of T-cell dependent 
autoimmune diseases have been found to be driven by this receptor-ligand pair. Especially, the  
TL1A-mediated expansion of effector T-cells at inflammation sites and allergic diseases in the  
lung as well as the gastrointestinal tract has emerged from these studies [136]. DR3- [137] or  
TL1A-deficient [122] mouse models highlighted the importance of TL1A-DR3 interaction in 
experimental autoimmune encephalitis (EAE) [138,139], collagen- and antigen-induced arthritis [140] 
as well as pathological T-cell responses in inflammatory bowel disease [141–144]. 
Beside autoimmune diseases, a role for the TL1A/DR3 system in atherosclerosis [133] and 
tumourigenesis [145,146] has been reported. In the chemoresistant human pancreatic cancer cell  
line AsPC-1, DR3-induced pro-inflammatory NFκB signalling correlated with enhanced cell  
proliferation and invasiveness, but the underlying molecular mechanism remained unclear [145].  
However, in a study using colorectal carcinoma cells, tumour-cell associated DR3 was shown to bind  
to endothelial E-selectin, causing pro-inflammatory p38, Akt, ERK as well as NFκB activation  
and furthermore promoted DR3-dependent transendothelial migration of HT29 cells in a Boyden  
chamber assay [131,132]. 
4.4.2. Pathways of DR3 Signalling 
At the time of discovery, death receptor-induced cellular suicide was the best studied signalling 
event triggered by DR3. Ectopic expression of DR3 in HEK293 resulted in substantial loss of cell 
viability. Observations of membrane blebbing, DNA fragmentation and rescue by cotransfecting the 
viral caspase inhibitor CrmA were indicative for apoptotic cells death [123]. Beside cell death 
induction, DR3-mediated activation of the pro-inflammatory NFκB pathway was recognised, pointing 
to ignition of distinct signalling pathways depending on the cellular context of DR3 activation. 
First attempts to analyse the intracellular receptor signalling complex came from yeast-two-hybrid 
analysis, reporting interaction of DR3 with TRADD [126], a molecule also critically involved in 
TNFR1 signalling. In a transient system, DR3 interaction with TRADD, TRAF2, FADD and caspase-8 
was reported [147]. Immunprecipitation experiments in endogenously DR3-expressing TF-1 cells, 
confirmed receptor association of TRADD and TRAF2 and additionally detected RIP1, whereas 
FADD and caspase-8 were not detected [148]. 
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TL1A binding to DR3 resulted in activation of ERK, JNK, p38 and NFκB signalling pathways.  
In TF-1 cells, apoptosis induction was only detected in the presence of sensitising agents such as 
cycloheximide or pharmacological inhibition of the antiapoptotic NFκB pathway. In both cases, 
sensitization towards apoptosis was essentially traced back to impaired TL1A-induced upregulation of 
the antiapoptotic protein cIAP2, a direct NFκB target gene [148]. A recent study confirmed a crucial role 
for TRADD in DR3 signalling, as the proliferative response of CD4 and CD8 T-cells was critically 
dependent on TRADD and significantly diminished in T-cells from TRADD-deficient mice [149]. 
4.4.3. Membrane Trafficking and Implications on DR3 Signalling 
To date, the effects of DR3 membrane trafficking and/or compartimentalization on signalling 
processes emanating from this receptor are not understood and therefore remain for the most part 
speculative. Directly underneath the putative transmembrane domain, DR3 reveals several tyrosine 
residues, although no canonical tyrosine-based internalisation motif (e.g., YXXΦ, where Φ is a bulky 
hydrophobic amino acid) for clathrin-mediated endocytosis is observed at the first glance. However, a 
recent study demonstrated existence of YXXXΦ-based internalisation motifs [150]. In fact, DR3 
harbors a YXXXΦ motif in the intracellular domain (amino acids 224–228), that has not yet been 
characterized in this respect. It is therefore tempting to speculate that, analogue to TNFR1, DR3 
internalisation upon ligand binding and subsequent compartimentalization of DR3 in the receptosome 
constitutes a mechanism to coordinate signalling events. Studies addressing these issues are ongoing in 
our laboratory. 
5. Conclusions and Perspectives 
In the light of the findings discussed, early concepts reducing receptor internalisation as a simple 
shut-off mechanism for receptor-associated signalling events nowadays fall way too short. In context 
of TNFR1 and Fas, receptor internalisation after ligand binding constitutes a key mechanism to ensure 
signal specificity of these multipurpose receptors. Internalisation after ligand binding is indispensable 
for robust apoptosis induction, as efficient assembly of the DISC primarily takes place in an 
intracellular, death-receptor containing compartment. However, non-apoptotic signalling pathways, 
such as NFκB or MAPK activation, occur already at the plasma membrane level and are independent 
from cellular receptor uptake. That points to an elegant, spatiotemporal regulation of TNFR1 and Fas 
signalling. To date, none of these aspects has been sufficiently addressed for the closest relative of 
TNFR1, DR3. 
For TRAIL-R1 and TRAIL-R2, dependency of apoptosis-induction on receptor internalisation 
differs between cell types. More work is needed to elucidate and functionally characterise pathways 
involved in internalisation of this receptor-ligand system, especially as TRAIL-receptor internalisation 
is apparently not exclusively dependent on classical clathrin-mediated endocytosis. 
However, the necessity to control signalling outcome by compartment-restricted pathway activation 
comes at a price. Adenoviruses evolved a sophisticated strategy to ensure survival in infected cells and 
interfere with TNFR1 internalisation via the viral protein 14.7K, thereby protecting against TNF-induced 
cell death, a deleterious event for the virus [57]. On the other side, spatial segregation of signalling 
events also allows selective interventions in context of therapeutic strategies. 
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An in-depth understanding of receptor signalling regulation, whether by internalisation or other 
mechanisms, lays the ground for target-restricted therapeutic interventions in a variety of human 
diseases including malignancy, immunity towards infections and autoimmune processes. 
Acknowledgments 
This work was supported by a grant (ReForM-A) from the Medical Faculty of the University of 
Regensburg awarded to Martin Ehrenschwender. We thank A. Gessner for support and J. Wild and 
insightful discussions and critical reading of the manuscript. 
Conflict of Interest 
The authors declare no conflict of interest. 
References 
1. Croft, M.; Duan, W.; Choi, H.; Eun, S.Y.; Madireddi, S.; Mehta, A. TNF superfamily in 
inflammatory disease: translating basic insights. Trends Immunol. 2012, 33, 144–152. 
2. Bodmer, J.L.; Schneider, P.; Tschopp, J. The molecular architecture of the TNF superfamily. 
Trends Biochem. Sci. 2002, 27, 19–26. 
3. Ware, C.F. The TNF superfamily. Cytokine Growth Factor Rev. 2003, 14, 181–184. 
4. Wiens, G.D.; Glenney, G.W. Origin and evolution of TNF and TNF receptor superfamilies.  
Dev. Comp. Immunol. 2011, 35, 1324–1335. 
5. Locksley, R.M.; Killeen, N.; Lenardo, M.J. The TNF and TNF receptor superfamilies: 
Integrating mammalian biology. Cell 2001, 104, 487–501. 
6. Wertz, I.E.; Dixit, V.M. Regulation of death receptor signaling by the ubiquitin system.  
Cell Death Differ. 2010, 17, 14–24. 
7. Fesik, S.W. Insights into programmed cell death through structural biology. Cell 2000, 103,  
273–282. 
8. Bossen, C.; Cachero, T.G.; Tardivel, A.; Ingold, K.; Willen, L.; Dobles, M.; Scott, M.L.; 
Maquelin, A.; Belnoue, E.; Siegrist, C. A.; et al. TACI, unlike BAFF-R, is solely activated by 
oligomeric BAFF and APRIL to support survival of activated B cells and plasmablasts. Blood 
2008, 111, 1004–1012. 
9. Kreuz, S.; Siegmund, D.; Rumpf, J.J.; Samel, D.; Leverkus, M.; Janssen, O.; Hacker, G.; 
Dittrich-Breiholz, O.; Kracht, M.; Scheurich, P.; et al. NFkappaB activation by Fas is mediated 
through FADD, caspase-8, and RIP and is inhibited by FLIP. J. Cell Biol. 2004, 166, 369–380. 
10. Trauzold, A.; Wermann, H.; Arlt, A.; Schutze, S.; Schafer, H.; Oestern, S.; Roder, C.; 
Ungefroren, H.; Lampe, E.; Heinrich, M.; et al. CD95 and TRAIL receptor-mediated activation 
of protein kinase C and NF-kappaB contributes to apoptosis resistance in ductal pancreatic 
adenocarcinoma cells. Oncogene 2001, 20, 4258–4269. 
11. Varfolomeev, E.; Vucic, D. (Un)expected roles of c-IAPs in apoptotic and NFkappaB signaling 
pathways. Cell Cycle 2008, 7, 1511–1521. 
12. Hayden, M.S.; Ghosh, S. Shared principles in NF-kappaB signaling. Cell 2008, 132, 344–362. 
Int. J. Mol. Sci. 2013, 14 14494 
 
 
13. Wertz, I.E.; O’Rourke, K.M.; Zhou, H.; Eby, M.; Aravind, L.; Seshagiri, S.; Wu, P.;  
Wiesmann, C.; Baker, R.; Boone, D.L.; et al. De-ubiquitination and ubiquitin ligase domains of 
A20 downregulate NF-kappaB signalling. Nature 2004, 430, 694–699. 
14. De Valck, D.; Jin, D.Y.; Heyninck, K.; van de Craen, M.; Contreras, R.; Fiers, W.; Jeang, K.T.; 
Beyaert, R. The zinc finger protein A20 interacts with a novel anti-apoptotic protein which is 
cleaved by specific caspases. Oncogene 1999, 18, 4182–4190. 
15. Shembade, N.; Harhaj, N.S.; Parvatiyar, K.; Copeland, N.G.; Jenkins, N.A.; Matesic, L.E.; 
Harhaj, E.W. The E3 ligase Itch negatively regulates inflammatory signaling pathways by 
controlling the function of the ubiquitin-editing enzyme A20. Nat. Immunol. 2008, 9, 254–262. 
16. Evans, P.C.; Taylor, E.R.; Coadwell, J.; Heyninck, K.; Beyaert, R.; Kilshaw, P.J. Isolation and 
characterization of two novel A20-like proteins. Biochem. J. 2001, 357, 617–623. 
17. Wright, A.; Reiley, W.W.; Chang, M.; Jin, W.; Lee, A.J.; Zhang, M.; Sun, S.C. Regulation of 
early wave of germ cell apoptosis and spermatogenesis by deubiquitinating enzyme CYLD.  
Dev. Cell 2007, 13, 705–716. 
18. Peter, M.E.; Krammer, P.H. The CD95(APO-1/Fas) DISC and beyond. Cell Death Differ. 2003, 
10, 26–35. 
19. Budd, R.C.; Yeh, W.C.; Tschopp, J. cFLIP regulation of lymphocyte activation and development. 
Nat. Rev. Immunol. 2006, 6, 196–204. 
20. Meng, X.W.; Peterson, K.L.; Dai, H.; Schneider, P.; Lee, S.H.; Zhang, J.S.; Koenig, A.;  
Bronk, S.; Billadeau, D.D.; Gores, G.J.; et al. High cell surface death receptor expression 
determines type I versus type II signaling. J. Biol. Chem. 2011, 286, 35823–35833. 
21. Jost, P.J.; Grabow, S.; Gray, D.; McKenzie, M.D.; Nachbur, U.; Huang, D.C.; Bouillet, P.; 
Thomas, H.E.; Borner, C.; Silke, J.; et al. XIAP discriminates between type I and type II  
FAS-induced apoptosis. Nature 2009, 460, 1035–1039. 
22. Kurita, S.; Mott, J.L.; Cazanave, S.C.; Fingas, C.D.; Guicciardi, M.E.; Bronk, S.F.; Roberts, L.R.; 
Fernandez-Zapico, M.E.; Gores, G.J. Hedgehog inhibition promotes a switch from Type II to 
Type I cell death receptor signaling in cancer cells. PLoS One 2011, 6, e18330. 
23. Barnhart, B.C.; Alappat, E.C.; Peter, M.E. The CD95 type I/type II model. Cell Death Differ. 
2003, 15, 185–193. 
24. Vaux, D.L.; Silke, J. Mammalian mitochondrial IAP binding proteins. Biochem. Biophys.  
Res. Commun. 2003, 304, 499–504. 
25. Van de Walle, L.; Lamkanfi, M.; Vandenabeele, P. The mitochondrial serine protease 
HtrA2/Omi: An overview. Cell Death Differ. 2008, 15, 453–460. 
26. Wurstle, M.L.; Laussmann, M.A.; Rehm, M. The central role of initiator caspase-9 in apoptosis 
signal transduction and the regulation of its activation and activity on the apoptosome.  
Exp. Cell. Res. 2012, 318, 1213–1220. 
27. Kriegler, M.; Perez, C.; DeFay, K.; Albert, I.; Lu, S.D. A novel form of TNF/cachectin is a cell 
surface cytotoxic transmembrane protein: Ramifications for the complex physiology of TNF. 
Cell 1988, 53, 45–53. 
28. Tang, P.; Hung, M.C.; Klostergaard, J. Human pro-tumor necrosis factor is a homotrimer. 
Biochemistry 1996, 35, 8216–8225. 
Int. J. Mol. Sci. 2013, 14 14495 
 
 
29. Black, R.A.; Rauch, C.T.; Kozlosky, C.J.; Peschon, J.J.; Slack, J.L.; Wolfson, M.F.; Castner, B.J.; 
Stocking, K.L.; Reddy, P.; Srinivasan, S.; et al. A metalloproteinase disintegrin that releases 
tumour-necrosis factor-alpha from cells. Nature 1997, 385, 729–733. 
30. Dembic, Z.; Loetscher, H.; Gubler, U.; Pan, Y.C.; Lahm, H.W.; Gentz, R.; Brockhaus, M.; 
Lesslauer, W. Two human TNF receptors have similar extracellular, but distinct intracellular, 
domain sequences. Cytokine 1990, 2, 231–237. 
31. Wajant, H.; Pfizenmaier, K.; Scheurich, P. Tumor necrosis factor signaling. Cell Death Differ. 
2003, 10, 45–65. 
32. Schneider-Brachert, W.; Tchikov, V.; Neumeyer, J.; Jakob, M.; Winoto-Morbach, S.;  
Held-Feindt, J.; Heinrich, M.; Merkel, O.; Ehrenschwender, M.; Adam, D.; et al. 
Compartmentalization of TNF receptor 1 signaling: Internalized TNF receptosomes as death 
signaling vesicles. Immunity 2004, 21, 415–428. 
33. Adam, D.; Wiegmann, K.; Adam-Klages, S.; Ruff, A.; Kronke, M. A novel cytoplasmic domain 
of the p55 tumor necrosis factor receptor initiates the neutral sphingomyelinase pathway.  
J. Biol. Chem. 1996, 271, 14617–14622. 
34. Sethi, G.; Sung, B.; Kunnumakkara, A.B.; Aggarwal, B.B. Targeting TNF for treatment of cancer 
and autoimmunity. Adv. Exp. Med. Biol. 2009, 647, 37–51. 
35. Van Hauwermeiren, F.; Vandenbroucke, R.E.; Libert, C. Treatment of TNF mediated diseases by 
selective inhibition of soluble TNF or TNFR1. Cytokine Growth Factor Rev. 2011, 22, 311–319. 
36. Leibovich, S.J.; Polverini, P.J.; Shepard, H.M.; Wiseman, D.M.; Shively, V.; Nuseir, N. 
Macrophage-induced angiogenesis is mediated by tumour necrosis factor-alpha. Nature 1987, 
329, 630–632. 
37. Moore, R.J.; Owens, D.M.; Stamp, G.; Arnott, C.; Burke, F.; East, N.; Holdsworth, H.; Turner, L.; 
Rollins, B.; Pasparakis, M.; et al. Mice deficient in tumor necrosis factor-alpha are resistant to 
skin carcinogenesis. Nat. Med. 1999, 5, 828–831. 
38. Arnott, C.H.; Scott, K.A.; Moore, R.J.; Robinson, S.C.; Thompson, R.G.; Balkwill, F.R. 
Expression of both TNF-alpha receptor subtypes is essential for optimal skin tumour 
development. Oncogene 2004, 23, 1902–1910. 
39. Tomita, Y.; Yang, X.; Ishida, Y.; Nemoto-Sasaki, Y.; Kondo, T.; Oda, M.; Watanabe, G.; 
Chaldakov, G.N.; Fujii, C.; Mukaida, N. Spontaneous regression of lung metastasis in the 
absence of tumor necrosis factor receptor p55. Int. J. Cancer 2004, 112, 927–933. 
40. Kitakata, H.; Nemoto-Sasaki, Y.; Takahashi, Y.; Kondo, T.; Mai, M.; Mukaida, N. Essential 
roles of tumor necrosis factor receptor p55 in liver metastasis of intrasplenic administration of 
colon 26 cells. Cancer Res. 2002, 62, 6682–6687. 
41. Malik, S.T.; Naylor, M.S.; East, N.; Oliff, A.; Balkwill, F.R. Cells secreting tumour necrosis 
factor show enhanced metastasis in nude mice. Eur. J. Cancer 1990, 26, 1031–1034. 
42. Orosz, P.; Echtenacher, B.; Falk, W.; Ruschoff, J.; Weber, D.; Mannel, D.N. Enhancement of 
experimental metastasis by tumor necrosis factor. J. Exp. Med. 1993, 177, 1391–1398. 
43. Popivanova, B.K.; Kitamura, K.; Wu, Y.; Kondo, T.; Kagaya, T.; Kaneko, S.; Oshima, M.;  
Fujii, C.; Mukaida, N. Blocking TNF-alpha in mice reduces colorectal carcinogenesis associated 
with chronic colitis. J. Clin. Invest. 2008, 118, 560–570. 
Int. J. Mol. Sci. 2013, 14 14496 
 
 
44. Pikarsky, E.; Porat, R.M.; Stein, I.; Abramovitch, R.; Amit, S.; Kasem, S.; Gutkovich-Pyest, E.; 
Urieli-Shoval, S.; Galun, E.; Ben-Neriah, Y. NF-kappaB functions as a tumour promoter in 
inflammation-associated cancer. Nature 2004, 431, 461–466. 
45. Greten, F.R.; Eckmann, L.; Greten, T.F.; Park, J.M.; Li, Z.W.; Egan, L.J.; Kagnoff, M.F.;  
Karin, M. IKKbeta links inflammation and tumorigenesis in a mouse model of colitis-associated 
cancer. Cell 2004, 118, 285–296. 
46. Rothe, J.; Lesslauer, W.; Lotscher, H.; Lang, Y.; Koebel, P.; Kontgen, F.; Althage, A.; 
Zinkernagel, R.; Steinmetz, M.; Bluethmann, H. Mice lacking the tumour necrosis factor receptor 1 
are resistant to TNF-mediated toxicity but highly susceptible to infection by Listeria monocytogenes. 
Nature 1993, 364, 798–802. 
47. Flynn, J.L.; Goldstein, M.M.; Chan, J.; Triebold, K.J.; Pfeffer, K.; Lowenstein, C.J.; Schreiber, R.; 
Mak, T.W.; Bloom, B.R. Tumor necrosis factor-alpha is required in the protective immune 
response against Mycobacterium tuberculosis in mice. Immunity 1995, 2, 561–572. 
48. Silke, J. The regulation of TNF signalling: What a tangled web we weave. Curr. Opin. Immunol. 
2011, 23, 620–626. 
49. Micheau, O.; Tschopp, J. Induction of TNF receptor I-mediated apoptosis via two sequential 
signaling complexes. Cell 2003, 114, 181–190. 
50. Harper, N.; Hughes, M.; MacFarlane, M.; Cohen, G.M. Fas-associated death domain protein and 
caspase-8 are not recruited to the tumor necrosis factor receptor 1 signaling complex during 
tumor necrosis factor-induced apoptosis. J. Biol. Chem. 2003, 278, 25534–25541. 
51. Legler, D.F.; Micheau, O.; Doucey, M.A.; Tschopp, J.; Bron, C. Recruitment of TNF receptor 1 
to lipid rafts is essential for TNFalpha-mediated NF-kappaB activation. Immunity 2003, 18, 655–664. 
52. Li, H.; Kobayashi, M.; Blonska, M.; You, Y.; Lin, X. Ubiquitination of RIP is required for tumor 
necrosis factor alpha-induced NF-kappaB activation. J. Biol. Chem. 2006, 281, 13636–13643. 
53. Ea, C.K.; Deng, L.; Xia, Z.P.; Pineda, G.; Chen, Z.J. Activation of IKK by TNFalpha requires 
site-specific ubiquitination of RIP1 and polyubiquitin binding by NEMO. Mol. Cell 2006, 22, 
245–257. 
54. Tang, G.; Minemoto, Y.; Dibling, B.; Purcell, N.H.; Li, Z.; Karin, M.; Lin, A. Inhibition of JNK 
activation through NF-kappaB target genes. Nature 2001, 414, 313–317. 
55. Bradley, J.R.; Johnson, D.R.; Pober, J.S. Four different classes of inhibitors of receptor-mediated 
endocytosis decrease tumor necrosis factor-induced gene expression in human endothelial cells.  
J. Immunol. 1993, 150, 5544–5555. 
56. Schutze, S.; Machleidt, T.; Adam, D.; Schwandner, R.; Wiegmann, K.; Kruse, M.L.; Heinrich, M.; 
Wickel, M.; Kronke, M. Inhibition of receptor internalization by monodansylcadaverine 
selectively blocks p55 tumor necrosis factor receptor death domain signaling. J. Biol. Chem. 
1999, 274, 10203–10212. 
57. Schneider-Brachert, W.; Tchikov, V.; Merkel, O.; Jakob, M.; Hallas, C.; Kruse, M.L.; Groitl, P.; 
Lehn, A.; Hildt, E.; Held-Feindt, J.; et al. Inhibition of TNF receptor 1 internalization by 
adenovirus 14.7K as a novel immune escape mechanism. J. Clin. Invest. 2006, 116, 2901–2913. 
58. Mahul-Mellier, A.L.; Strappazzon, F.; Petiot, A.; Chatellard-Causse, C.; Torch, S.; Blot, B.; 
Freeman, K.; Kuhn, L.; Garin, J.; Verna, J.M.; et al. Alix and ALG-2 are involved in tumor 
necrosis factor receptor 1-induced cell death. J. Biol. Chem. 2008, 283, 34954–34965. 
Int. J. Mol. Sci. 2013, 14 14497 
 
 
59. Edelmann, B.; Bertsch, U.; Tchikov, V.; Winoto-Morbach, S.; Perrotta, C.; Jakob, M.;  
Adam-Klages, S.; Kabelitz, D.; Schutze, S. Caspase-8 and caspase-7 sequentially mediate 
proteolytic activation of acid sphingomyelinase in TNF-R1 receptosomes. EMBO J. 2011, 30, 
379–394. 
60. Heinrich, M.; Neumeyer, J.; Jakob, M.; Hallas, C.; Tchikov, V.; Winoto-Morbach, S.; Wickel, M.; 
Schneider-Brachert, W.; Trauzold, A.; Hethke, A.; et al. Cathepsin D links TNF-induced acid 
sphingomyelinase to Bid-mediated caspase-9 and -3 activation. Cell Death Differ. 2004, 11,  
550–563. 
61. Yazdanpanah, B.; Wiegmann, K.; Tchikov, V.; Krut, O.; Pongratz, C.; Schramm, M.; 
Kleinridders, A.; Wunderlich, T.; Kashkar, H.; Utermohlen, O.; et al. Riboflavin kinase couples 
TNF receptor 1 to NADPH oxidase. Nature 2009, 460, 1159–1163. 
62. Liao, W.; Xiao, Q.; Tchikov, V.; Fujita, K.; Yang, W.; Wincovitch, S.; Garfield, S.; Conze, D.; 
El-Deiry, W.S.; Schutze, S.; et al. CARP-2 is an endosome-associated ubiquitin ligase for RIP 
and regulates TNF-induced NF-kappaB activation. Curr. Biol. 2008, 18, 641–649. 
63. Wiley, S.R.; Schooley, K.; Smolak, P.J.; Din, W.S.; Huang, C.P.; Nicholl, J.K.; Sutherland, G.R.; 
Smith, T.D.; Rauch, C.; Smith, C.A.; et al. Identification and characterization of a new member 
of the TNF family that induces apoptosis. Immunity 1995, 3, 673–682. 
64. Falschlehner, C.; Ganten, T.M.; Koschny, R.; Schaefer, U.; Walczak, H. TRAIL and other 
TRAIL receptor agonists as novel cancer therapeutics. Adv. Exp. Med. Biol. 2009, 647, 195–206. 
65. Pan, G.; O’Rourke, K.; Chinnaiyan, A.M.; Gentz, R.; Ebner, R.; Ni, J.; Dixit, V.M. The receptor 
for the cytotoxic ligand TRAIL. Science 1997, 276, 111–113. 
66. Walczak, H.; Degli-Esposti, M.A.; Johnson, R.S.; Smolak, P.J.; Waugh, J.Y.; Boiani, N.; 
Timour, M.S.; Gerhart, M.J.; Schooley, K.A.; Smith, C.A.; et al. TRAIL-R2: A novel  
apoptosis-mediating receptor for TRAIL. EMBO J. 1997, 16, 5386–5397. 
67. Neumann, S.; Bidon, T.; Branschadel, M.; Krippner-Heidenreich, A.; Scheurich, P.; Doszczak, M. 
The transmembrane domains of TNF-related apoptosis-inducing ligand (TRAIL) receptors 1 and 2 
co-regulate apoptotic signaling capacity. PLoS One 2012, 7, e42526. 
68. Wu, G.S.; Burns, T.F.; Zhan, Y.; Alnemri, E.S.; El-Deiry, W.S. Molecular cloning and functional 
analysis of the mouse homologue of the KILLER/DR5 tumor necrosis factor-related  
apoptosis-inducing ligand (TRAIL) death receptor. Cancer Res. 1999, 59, 2770–2775. 
69. Cretney, E.; Takeda, K.; Yagita, H.; Glaccum, M.; Peschon, J.J.; Smyth, M.J. Increased 
susceptibility to tumor initiation and metastasis in TNF-related apoptosis-inducing ligand-deficient 
mice. J. Immunol. 2002, 168, 1356–1361. 
70. Sedger, L.M.; Glaccum, M.B.; Schuh, J.C.; Kanaly, S.T.; Williamson, E.; Kayagaki, N.; Yun, T.; 
Smolak, P.; Le, T.; Goodwin, R.; et al. Characterization of the in vivo function of  
TNF-alpha-related apoptosis-inducing ligand, TRAIL/Apo2L, using TRAIL/Apo2L gene-deficient 
mice. Eur. J. Immunol. 2002, 32, 2246–2254. 
71. Nitsch, R.; Bechmann, I.; Deisz, R.A.; Haas, D.; Lehmann, T.N.; Wendling, U.; Zipp, F. Human 
brain-cell death induced by tumour-necrosis-factor-related apoptosis-inducing ligand (TRAIL). 
Lancet 2000, 356, 827–828. 
72. Gerspach, J.; Pfizenmaier, K.; Wajant, H. Therapeutic targeting of CD95 and the TRAIL death 
receptors. Recent Pat. Anticancer Drug Discov. 2011, 6, 294–310. 
Int. J. Mol. Sci. 2013, 14 14498 
 
 
73. Trauzold, A.; Siegmund, D.; Schniewind, B.; Sipos, B.; Egberts, J.; Zorenkov, D.; Emme, D.; 
Roder, C.; Kalthoff, H.; Wajant, H. TRAIL promotes metastasis of human pancreatic ductal 
adenocarcinoma. Oncogene 2006, 25, 7434–7439. 
74. Ehrenschwender, M.; Siegmund, D.; Wicovsky, A.; Kracht, M.; Dittrich-Breiholz, O.; Spindler, V.; 
Waschke, J.; Kalthoff, H.; Trauzold, A.; Wajant, H. Mutant PIK3CA licenses TRAIL and 
CD95L to induce non-apoptotic caspase-8-mediated ROCK activation. Cell Death Differ. 2010, 
17, 1435–1447. 
75. Steinwede, K.; Henken, S.; Bohling, J.; Maus, R.; Ueberberg, B.; Brumshagen, C.; Brincks, E.L.; 
Griffith, T.S.; Welte, T.; Maus, U.A. TNF-related apoptosis-inducing ligand (TRAIL) exerts 
therapeutic efficacy for the treatment of pneumococcal pneumonia in mice. J. Exp. Med. 2012, 
209, 1937–1952. 
76. Hameed, A.G.; Arnold, N.D.; Chamberlain, J.; Pickworth, J.A.; Paiva, C.; Dawson, S.; Cross, S.; Long, L.; 
Zhao, L.; Morrell, N.W.; et al. Inhibition of tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) reverses experimental pulmonary hypertension. J. Exp. Med. 2012, 209, 1919–1935. 
77. Benedict, C.A.; Ware, C.F. TRAIL: Not just for tumors anymore? J. Exp. Med. 2012, 209, 1903–1906. 
78. Kelley, R.F.; Totpal, K.; Lindstrom, S.H.; Mathieu, M.; Billeci, K.; Deforge, L.; Pai, R.; 
Hymowitz, S.G.; Ashkenazi, A. Receptor-selective mutants of apoptosis-inducing ligand 2/tumor 
necrosis factor-related apoptosis-inducing ligand reveal a greater contribution of death receptor 
(DR) 5 than DR4 to apoptosis signaling. J. Biol. Chem. 2005, 280, 2205–2212. 
79. Lalaoui, N.; Morle, A.; Merino, D.; Jacquemin, G.; Iessi, E.; Morizot, A.; Shirley, S.; Robert, B.; 
Solary, E.; Garrido, C.; et al. TRAIL-R4 promotes tumor growth and resistance to apoptosis in 
cervical carcinoma HeLa cells through AKT. PLoS One 2011, 6, e19679. 
80. Shirley, S.; Morizot, A.; Micheau, O. Regulating TRAIL receptor-induced cell death at the 
membrane: A deadly discussion. Recent Pat. Anticancer Drug Discov. 2011, 6, 311–323. 
81. Guicciardi, M.E.; Gores, G.J. Life and death by death receptors. FASEB J. 2009, 23, 1625–1637. 
82. Hu, W.H.; Johnson, H.; Shu, H.B. Tumor necrosis factor-related apoptosis-inducing ligand 
receptors signal NF-kappaB and JNK activation and apoptosis through distinct pathways.  
J. Biol. Chem. 1999, 274, 30603–30610. 
83. Kim, Y.S.; Schwabe, R.F.; Qian, T.; Lemasters, J.J.; Brenner, D.A. TRAIL-mediated apoptosis 
requires NF-kappaB inhibition and the mitochondrial permeability transition in human hepatoma 
cells. Hepatology 2002, 36, 1498–1508. 
84. Austin, C.D.; Lawrence, D.A.; Peden, A.A.; Varfolomeev, E.E.; Totpal, K.; de Maziere, A.M.; 
Klumperman, J.; Arnott, D.; Pham, V.; Scheller, R.H.; et al. Death-receptor activation halts 
clathrin-dependent endocytosis. Proc. Natl. Acad. Sci. USA 2006, 103, 10283–10288. 
85. Kohlhaas, S.L.; Craxton, A.; Sun, X.M.; Pinkoski, M.J.; Cohen, G.M. Receptor-mediated 
endocytosis is not required for tumor necrosis factor-related apoptosis-inducing ligand  
(TRAIL)-induced apoptosis. J. Biol. Chem. 2007, 282, 12831–12841. 
86. Akazawa, Y.; Mott, J.L.; Bronk, S.F.; Werneburg, N.W.; Kahraman, A.; Guicciardi, M.E.;  
Meng, X.W.; Kohno, S.; Shah, V.H.; Kaufmann, S.H.; et al. Death receptor 5 internalization is 
required for lysosomal permeabilization by TRAIL in malignant liver cell lines. 
Gastroenterology 2009, 136, 2365–2376. 
Int. J. Mol. Sci. 2013, 14 14499 
 
 
87. Takahashi, T.; Tanaka, M.; Inazawa, J.; Abe, T.; Suda, T.; Nagata, S. Human Fas ligand: Gene 
structure, chromosomal location and species specificity. Int. Immunol. 1994, 6, 1567–1574. 
88. Janssen, O.; Qian, J.; Linkermann, A.; Kabelitz, D. CD95 ligand—Death factor and 
costimulatory molecule? Cell Death Differ. 2003, 10, 1215–1225. 
89. Blott, E.J.; Bossi, G.; Clark, R.; Zvelebil, M.; Griffiths, G.M. Fas ligand is targeted to secretory 
lysosomes via a proline-rich domain in its cytoplasmic tail. J. Cell Sci. 2001, 114, 2405–2416. 
90. Tanaka, M.; Itai, T.; Adachi, M.; Nagata, S. Downregulation of Fas ligand by shedding.  
Nat. Med. 1998, 4, 31–36. 
91. Mitsiades, N.; Yu, W.H.; Poulaki, V.; Tsokos, M.; Stamenkovic, I. Matrix  
metalloproteinase-7-mediated cleavage of Fas ligand protects tumor cells from chemotherapeutic 
drug cytotoxicity. Cancer Res. 2001, 61, 577–581. 
92. Kayagaki, N.; Kawasaki, A.; Ebata, T.; Ohmoto, H.; Ikeda, S.; Inoue, S.; Yoshino, K.;  
Okumura, K.; Yagita, H. Metalloproteinase-mediated release of human Fas ligand. J. Exp. Med. 
1995, 182, 1777–1783. 
93. Cheng, J.; Liu, C.; Koopman, W.J.; Mountz, J.D. Characterization of human Fas gene. 
Exon/intron organization and promoter region. J. Immunol. 1995, 154, 1239–1245. 
94. Wajant, H.; Pfizenmaier, K.; Scheurich, P. Non-apoptotic Fas signaling. Cytokine Growth  
Factor Rev. 2003, 14, 53–66. 
95. Starling, G.C.; Bajorath, J.; Emswiler, J.; Ledbetter, J.A.; Aruffo, A.; Kiener, P.A. Identification 
of amino acid residues important for ligand binding to Fas. J. Exp. Med. 1997, 185, 1487–1492. 
96. Edmond, V.; Ghali, B.; Penna, A.; Taupin, J.L.; Daburon, S.; Moreau, J.F.; Legembre, P. Precise 
mapping of the CD95 pre-ligand assembly domain. PLoS One 2012, 7, e46236. 
97. Cohen, P.L.; Eisenberg, R.A. Lpr and gld: Single gene models of systemic autoimmunity and 
lymphoproliferative disease. Annu. Rev. Immunol. 1991, 9, 243–269. 
98. Bouillet, P.; O’Reilly, L.A. CD95, BIM and T cell homeostasis. Nat. Rev. Immunol. 2009, 9, 
514–519. 
99. Ferguson, T.A.; Griffith, T.S. A vision of cell death: Fas ligand and immune privilege 10 years 
later. Immunol. Rev. 2006, 213, 228–238. 
100. Cullen, S.P.; Henry, C.M.; Kearney, C.J.; Logue, S.E.; Feoktistova, M.; Tynan, G.A.;  
Lavelle, E.C.; Leverkus, M.; Martin, S.J. Fas/CD95-induced chemokines can serve as “find-me” 
signals for apoptotic cells. Mol. Cell 2013, 49, 1034–1048. 
101. Strasser, A.; Jost, P.J.; Nagata, S. The many roles of FAS receptor signaling in the immune 
system. Immunity 2009, 30, 180–192. 
102. Kleber, S.; Sancho-Martinez, I.; Wiestler, B.; Beisel, A.; Gieffers, C.; Hill, O.; Thiemann, M.; 
Mueller, W.; Sykora, J.; Kuhn, A.; et al. Yes and PI3K bind CD95 to signal invasion of 
glioblastoma. Cancer Cell 2008, 13, 235–248. 
103. Steller, E.J.; Borel Rinkes, I.H.; Kranenburg, O. How CD95 stimulates invasion. Cell Cycle 
2011, 10, 3857–3862. 
104. Steller, E.J.; Ritsma, L.; Raats, D.A.; Hoogwater, F.J.; Emmink, B.L.; Govaert, K.M.; Laoukili, J.; 
Rinkes, I.H.; van Rheenen, J.; Kranenburg, O. The death receptor CD95 activates the cofilin 
pathway to stimulate tumour cell invasion. EMBO Rep. 2011, 12, 931–937. 
Int. J. Mol. Sci. 2013, 14 14500 
 
 
105. Chen, L.; Park, S.M.; Tumanov, A.V.; Hau, A.; Sawada, K.; Feig, C.; Turner, J.R.; Fu, Y.X.; 
Romero, I.L.; Lengyel, E.; et al. CD95 promotes tumour growth. Nature 2010, 465, 492–496. 
106. Ehrenschwender, M.; Wajant, H. The role of FasL and Fas in health and disease. Adv. Exp.  
Med. Biol. 2009, 647, 64–93. 
107. Schneider, P.; Holler, N.; Bodmer, J.L.; Hahne, M.; Frei, K.; Fontana, A.; Tschopp, J. 
Conversion of membrane-bound Fas(CD95) ligand to its soluble form is associated with 
downregulation of its proapoptotic activity and loss of liver toxicity. J. Exp. Med. 1998, 187, 
1205–1213. 
108. Lee, K.H.; Feig, C.; Tchikov, V.; Schickel, R.; Hallas, C.; Schutze, S.; Peter, M.E.; Chan, A.C. 
The role of receptor internalization in CD95 signaling. EMBO J. 2006, 25, 1009–1023. 
109. Chinnaiyan, A.M.; O’Rourke, K.; Tewari, M.; Dixit, V.M. FADD, a novel death  
domain-containing protein, interacts with the death domain of Fas and initiates apoptosis. Cell 
1995, 81, 505–512. 
110. Muzio, M.; Chinnaiyan, A.M.; Kischkel, F.C.; O’Rourke, K.; Shevchenko, A.; Ni, J.;  
Scaffidi, C.; Bretz, J.D.; Zhang, M.; Gentz, R.; et al. FLICE, a novel FADD-homologous 
ICE/CED-3-like protease, is recruited to the CD95 (Fas/APO-1) death-inducing signaling complex. 
Cell 1996, 85, 817–827. 
111. Donepudi, M.; Mac Sweeney, A.; Briand, C.; Grutter, M.G. Insights into the regulatory 
mechanism for caspase-8 activation. Mol. Cell 2003, 11, 543–549. 
112. Cardone, M.H.; Salvesen, G.S.; Widmann, C.; Johnson, G.; Frisch, S.M. The regulation of 
anoikis: MEKK-1 activation requires cleavage by caspases. Cell 1997, 90, 315–323. 
113. Parlato, S.; Giammarioli, A.M.; Logozzi, M.; Lozupone, F.; Matarrese, P.; Luciani, F.;  
Falchi, M.; Malorni, W.; Fais, S. CD95 (APO-1/Fas) linkage to the actin cytoskeleton through 
ezrin in human T lymphocytes: A novel regulatory mechanism of the CD95 apoptotic pathway. 
EMBO J. 2000, 19, 5123–5134. 
114. Algeciras-Schimnich, A.; Shen, L.; Barnhart, B.C.; Murmann, A.E.; Burkhardt, J.K.; Peter, M.E. 
Molecular ordering of the initial signaling events of CD95. Mol. Cell Biol. 2002, 22, 207–220. 
115. Feig, C.; Tchikov, V.; Schutze, S.; Peter, M.E. Palmitoylation of CD95 facilitates formation of 
SDS-stable receptor aggregates that initiate apoptosis signaling. EMBO J. 2007, 26, 221–231. 
116. Chakrabandhu, K.; Huault, S.; Garmy, N.; Fantini, J.; Stebe, E.; Mailfert, S.; Marguet, D.; 
Hueber, A.O. The extracellular glycosphingolipid-binding motif of Fas defines its internalization 
route, mode and outcome of signals upon activation by ligand. Cell Death Differ. 2008, 15, 
1824–1837. 
117. Chakrabandhu, K.; Herincs, Z.; Huault, S.; Dost, B.; Peng, L.; Conchonaud, F.; Marguet, D.;  
He, H.T.; Hueber, A.O. Palmitoylation is required for efficient Fas cell death signaling. EMBO J. 
2007, 26, 209–220. 
118. Anathy, V.; Aesif, S.W.; Guala, A.S.; Havermans, M.; Reynaert, N.L.; Ho, Y.S.; Budd, R.C.; 
Janssen-Heininger, Y.M. Redox amplification of apoptosis by caspase-dependent cleavage of 
glutaredoxin 1 and S-glutathionylation of Fas. J. Cell Biol. 2009, 184, 241–252. 
119. Leon-Bollotte, L.; Subramaniam, S.; Cauvard, O.; Plenchette-Colas, S.; Paul, C.; Godard, C.; 
Martinez-Ruiz, A.; Legembre, P.; Jeannin, J.F.; Bettaieb, A. S-nitrosylation of the death receptor 
fas promotes fas ligand-mediated apoptosis in cancer cells. Gastroenterology 2011, 140, 2009–2018. 
Int. J. Mol. Sci. 2013, 14 14501 
 
 
120. Shatnyeva, O.M.; Kubarenko, A.V.; Weber, C.E.; Pappa, A.; Schwartz-Albiez, R.; Weber, A.N.; 
Krammer, P.H.; Lavrik, I.N. Modulation of the CD95-induced apoptosis: The role of CD95  
N-glycosylation. PLoS One 2011, 6, e19927. 
121. Zuccato, E.; Blott, E.J.; Holt, O.; Sigismund, S.; Shaw, M.; Bossi, G.; Griffiths, G.M. Sorting of 
Fas ligand to secretory lysosomes is regulated by mono-ubiquitylation and phosphorylation.  
J. Cell Sci. 2007, 120, 191–199. 
122. Migone, T.S.; Zhang, J.; Luo, X.; Zhuang, L.; Chen, C.; Hu, B.; Hong, J.S.; Perry, J.W.;  
Chen, S.F.; Zhou, J.X.; et al. TL1A is a TNF-like ligand for DR3 and TR6/DcR3 and functions 
as a T cell costimulator. Immunity 2002, 16, 479–492. 
123. Marsters, S.A.; Sheridan, J.P.; Donahue, C.J.; Pitti, R.M.; Gray, C.L.; Goddard, A.D.; Bauer, K.D.; 
Ashkenazi, A. Apo-3, a new member of the tumor necrosis factor receptor family, contains a 
death domain and activates apoptosis and NF-kappa B. Curr. Biol. 1996, 6, 1669–1676. 
124. Bodmer, J.L.; Burns, K.; Schneider, P.; Hofmann, K.; Steiner, V.; Thome, M.; Bornand, T.; 
Hahne, M.; Schroter, M.; Becker, K.; et al. TRAMP, a novel apoptosis-mediating receptor with 
sequence homology to tumor necrosis factor receptor 1 and Fas(Apo-1/CD95). Immunity 1997, 6, 
79–88. 
125. Screaton, G.R.; Xu, X.N.; Olsen, A.L.; Cowper, A.E.; Tan, R.; McMichael, A.J.; Bell, J.I. 
LARD: A new lymphoid-specific death domain containing receptor regulated by alternative  
pre-mRNA splicing. Proc. Natl. Acad. Sci. USA 1997, 94, 4615–4619. 
126. Kitson, J.; Raven, T.; Jiang, Y.P.; Goeddel, D.V.; Giles, K.M.; Pun, K.T.; Grinham, C.J.;  
Brown, R.; Farrow, S.N. A death-domain-containing receptor that mediates apoptosis. Nature 
1996, 384, 372–375. 
127. Borysenko, C.W.; Furey, W.F.; Blair, H.C. Comparative modeling of TNFRSF25 (DR3) 
predicts receptor destabilization by a mutation linked to rheumatoid arthritis. Biochem. 
Biophys. Res. Commun. 2005, 328, 794–799. 
128. Marsters, S.A.; Sheridan, J.P.; Pitti, R.M.; Brush, J.; Goddard, A.; Ashkenazi, A. Identification of 
a ligand for the death-domain-containing receptor Apo3. Curr. Biol. 1998, 8, 525–528. 
129. Kaptein, A.; Jansen, M.; Dilaver, G.; Kitson, J.; Dash, L.; Wang, E.; Owen, M.J.; Bodmer, J.L.; 
Tschopp, J.; Farrow, S.N. Studies on the interaction between TWEAK and the death receptor 
WSL-1/TRAMP (DR3). FEBS Lett. 2000, 485, 135–141. 
130. Wiley, S.R.; Cassiano, L.; Lofton, T.; Davis-Smith, T.; Winkles, J.A.; Lindner, V.; Liu, H.; 
Daniel, T.O.; Smith, C.A.; Fanslow, W.C. A novel TNF receptor family member binds TWEAK 
and is implicated in angiogenesis. Immunity 2001, 15, 837–846. 
131. Gout, S.; Morin, C.; Houle, F.; Huot, J. Death receptor-3, a new E-Selectin counter-receptor that 
confers migration and survival advantages to colon carcinoma cells by triggering p38 and  
ERK MAPK activation. Cancer Res. 2006, 66, 9117–9124. 
132. Porquet, N.; Poirier, A.; Houle, F.; Pin, A.L.; Gout, S.; Tremblay, P.L.; Paquet, E.R.; Klinck, R.; 
Auger, F.A.; Huot, J. Survival advantages conferred to colon cancer cells by E-selectin-induced 
activation of the PI3K-NFkappaB survival axis downstream of Death receptor-3. BMC Cancer 
2011, 11, 285. 
Int. J. Mol. Sci. 2013, 14 14502 
 
 
133. McLaren, J.E.; Calder, C.J.; McSharry, B.P.; Sexton, K.; Salter, R.C.; Singh, N.N.;  
Wilkinson, G.W.; Wang, E.C.; Ramji, D.P. The TNF-like protein 1A-death receptor 3 pathway 
promotes macrophage foam cell formation in vitro. J. Immunol. 2010, 184, 5827–5834. 
134. Tan, K.B.; Harrop, J.; Reddy, M.; Young, P.; Terrett, J.; Emery, J.; Moore, G.; Truneh, A. 
Characterization of a novel TNF-like ligand and recently described TNF ligand and TNF receptor 
superfamily genes and their constitutive and inducible expression in hematopoietic and  
non-hematopoietic cells. Gene 1997, 204, 35–46. 
135. Buchan, S.L.; Taraban, V.Y.; Slebioda, T.J.; James, S.; Cunningham, A.F.; Al-Shamkhani, A. 
Death receptor 3 is essential for generating optimal protective CD4(+) T-cell immunity against 
Salmonella. Eur. J. Immunol. 2012, 42, 580–588. 
136. Meylan, F.; Richard, A.C.; Siegel, R.M. TL1A and DR3, a TNF family ligand-receptor pair that 
promotes lymphocyte costimulation, mucosal hyperplasia, and autoimmune inflammation. 
Immunol. Rev. 2011, 244, 188–196. 
137. Wang, E.C.; Thern, A.; Denzel, A.; Kitson, J.; Farrow, S.N.; Owen, M.J. DR3 regulates negative 
selection during thymocyte development. Mol. Cell Biol. 2001, 21, 3451–3461. 
138. Meylan, F.; Davidson, T.S.; Kahle, E.; Kinder, M.; Acharya, K.; Jankovic, D.; Bundoc, V.; 
Hodges, M.; Shevach, E.M.; Keane-Myers, A.; et al. The TNF-family receptor DR3 is essential 
for diverse T cell-mediated inflammatory diseases. Immunity 2008, 29, 79–89. 
139. Pappu, B.P.; Borodovsky, A.; Zheng, T.S.; Yang, X.; Wu, P.; Dong, X.; Weng, S.; Browning, B.; 
Scott, M.L.; Ma, L.; et al. TL1A-DR3 interaction regulates Th17 cell function and  
Th17-mediated autoimmune disease. J. Exp. Med. 2008, 205, 1049–1062. 
140. Zhang, J.; Wang, X.; Fahmi, H.; Wojcik, S.; Fikes, J.; Yu, Y.; Wu, J.; Luo, H. Role of TL1A in 
the pathogenesis of rheumatoid arthritis. J. Immunol. 2009, 183, 5350–5357. 
141. Bamias, G.; Mishina, M.; Nyce, M.; Ross, W.G.; Kollias, G.; Rivera-Nieves, J.; Pizarro, T.T.; 
Cominelli, F. Role of TL1A and its receptor DR3 in two models of chronic murine ileitis.  
Proc. Natl. Acad. Sci. USA 2006, 103, 8441–8446. 
142. Bamias, G.; Martin, C., III; Marini, M.; Hoang, S.; Mishina, M.; Ross, W.G.; Sachedina, M.A.; 
Friel, C.M.; Mize, J.; Bickston, S.J.; et al. Expression, localization, and functional activity of 
TL1A, a novel Th1-polarizing cytokine in inflammatory bowel disease. J. Immunol. 2003, 171, 
4868–4874. 
143. Meylan, F.; Song, Y.J.; Fuss, I.; Villarreal, S.; Kahle, E.; Malm, I.J.; Acharya, K.; Ramos, H.L.; 
Lo, L.; Mentink-Kane, M.M.; et al. The TNF-family cytokine TL1A drives IL-13-dependent 
small intestinal inflammation. Mucosal Immunol. 2011, 4, 172–185. 
144. Takedatsu, H.; Michelsen, K.S.; Wei, B.; Landers, C.J.; Thomas, L.S.; Dhall, D.; Braun, J.; 
Targan, S.R. TL1A (TNFSF15) regulates the development of chronic colitis by modulating both 
T-helper 1 and T-helper 17 activation. Gastroenterology 2008, 135, 552–567. 
145. Murtaza, I.; Adhami, V.M.; Hafeez, B.B.; Saleem, M.; Mukhtar, H. Fisetin, a natural flavonoid, 
targets chemoresistant human pancreatic cancer AsPC-1 cells through DR3-mediated inhibition 
of NF-kappaB. Int. J. Cancer 2009, 125, 2465–2473. 
146. Ge, Z.; Sanders, A.J.; Ye, L.; Mansel, R.E.; Jiang, W.G. Expression of death receptor-3 in human 
breast cancer and its functional effects on breast cancer cells in vitro. Oncol. Rep. 2013, 29, 
1356–1364. 
Int. J. Mol. Sci. 2013, 14 14503 
 
 
147. Chinnaiyan, A.M.; O’Rourke, K.; Yu, G.L.; Lyons, R.H.; Garg, M.; Duan, D.R.; Xing, L.;  
Gentz, R.; Ni, J.; Dixit, V.M. Signal transduction by DR3, a death domain-containing receptor 
related to TNFR-1 and CD95. Science 1996, 274, 990–992. 
148. Wen, L.; Zhuang, L.; Luo, X.; Wei, P. TL1A-induced NF-kappaB activation and c-IAP2 
production prevent DR3-mediated apoptosis in TF-1 cells. J. Biol. Chem. 2003, 278, 39251–39258. 
149. Pobezinskaya, Y.L.; Choksi, S.; Morgan, M.J.; Cao, X.; Liu, Z.G. The adaptor protein TRADD is 
essential for TNF-like ligand 1A/death receptor 3 signaling. J. Immunol. 2011, 186, 5212–5216. 
150. Kozik, P.; Francis, R.W.; Seaman, M.N.; Robinson, M.S. A screen for endocytic motifs. Traffic 
2010, 11, 843–855. 
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 
